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ABSTRACT 


This  final  report  describes  the  experimental  results  of  a  p  rogram  con¬ 
ducted  under  Contract  AF08(635)-2783,  "Hypei  velocity  Impact  Experiments," 
to  investigate  the  vulnerability  of  multiple  sheet  thin  target  assemblies  to 
hypervelocity  projectiles  impacting  at  both  normal  and  oblique  angles.  This 
study  of  penetration,  perforation  and  spalling  was  conducted  using  an 
accelerated- reservoir  light-gas  gun  to  launch  projectiles  to  velocities 
ranging  from  3000  fps  to  25,300  fps.  Projectile  incident  angles  ranged 
from  90  degrees  (normal)  to  10  degrees. 

Target  damage  was  evaluated  in  terms  of  hole  area,  depth  of  penetra¬ 
tion  and  affected  area.  Damage  was  correlated  with  impact  velocity,  impact 
angle,  projectile  variables,  and  target  variables. 
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SECTION  I 
INTRODUCTION 


Of  current  Interest  to  the  Air  Force  in  their  Space  Program  is  the 
investigation  of  non-nuclear  kill  mechanisms  from  both  offensive  and  defen¬ 
sive  viewpoints.  Offensively,  this  interest  has  led  to  enhanced  lethality 
cmicepts  for  warhead  development.  Defensively,  it  has  led  to  advances  in 
the  scieiiue  of  spacecraft  design.  One  of  the  problems  Is  the  vulnerability 
of  spacecraft  to  Impacts  of  hypervelocity  fragments,  since  such  a  collision 
could  re.sult  in  the  defeat  of  a  mission.  It  is  necessary,  therefore,  to  devise 
means  of  protecting  a  spacecraft  from  these  fragments  while  remaining 
aware  of  the  penalties  involved  in  increasing  the  vehicle  gross  weight  or 
unduly  complicating  its  structure. 

Although  many  configurations  of  vehicle  hulls  have  been  proposed,  the 
foremost,  and  one  of  the  original  coicepts,  is  that  of  a  thin  outer  shell 
separated  from  and  protecting  the  main  hull.(^)  In  theory,  any  meteoroid 
or  warhead  fragment  that  Impacted  this  outer  shell  would  vaporize  before 
it  coulu  ate  the  main  hull  -  in  practice,  however,  this  appears 
genera  lly  poM*iible  only  at  very  high  velocities,  for  the  actual  physical 
inec!  uiiaiu  ■>:  impact  that  has  been  observed  at  typical  encounter  velocitie.'^ 
does  .lot  incluc  vaporization  of  fragments.(^) 

Figure  1  is  an  artist's  representation  of  the  impact  o'  a  solid  sphere 
against  such  a  thin  target,  the  protective  outer  shell.  The  projectile  strikes 
the  target  and,  because  of  the  intense  pressures  developed,  generates  a 
shock  wave  in  both  projectile  and  target.  These  shocks  cause  the  projectile 
to  break  up  into  a  multitude  of  tiny  tragments,  producing  an  expanding 
bubble  of  debris  with  a  velocity  component  normal  to  the  shield  that  is 
generally  less  than  the  veioetty  of  the  original  projectile.  The  result  of 
these  factors  of  fragment  spread  and  velocity  reduction  is  ^hat  the  protected 
hull  is  subjected  to  less  momentum  and  energy  loading  per  unit  arc-.i  thui 
an  unprotected  hull. 

While  it  is  true  that  this  design  concept  should  reduce  the  veiiicls- 
vulnerability,  the  mode  and  magnitude  of  impact  damage  still  required 
study.  Since  the  number  of  possible  target  configurations  is  virtually 
unlimited,  a  typical  multisheet  thin  target  assembly  was  chosen  to  be  su'  - 
jected  to  impacts  of  specific  projectiles  under  specific  encour.tpr  conditio  is. 
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F'g.  1  Projectile  and  Shield  Behaviov  Upon  Impact  of  a  Solid 
Sphere  with  Thin  Target 


The  basic  thin  target  assembly  consisted  of  two  2014-T6  aluminum 
sheets  spaced  twelve  Ipchcf  apart.  The  experimental  variables  were  those 
of  the  projectile  (material,  mass,  velocity,  angle  of  Impact)  and  those  ot 
tho  target  assembly  (material,  intersheet  spacii^g,  angle  of  Impact). 


Other  teats,  conducted  concurrently,  were  to  investigate  the  phenom¬ 
enon  of  impact  flash  and  its  potential  use  as  a  hit  director  and  target 
discriminator. 
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SECTION  n 

TECHNICAL  ACTIVITIES  AND  RESULTS 


2. 1  Eroerlmental  Facility 

The  experiments  luLhis  program  were  conducted  at  CM  Defense  Research 
Laboratories  (Ref.  3)  on  Ballistics  Ranges  'C  and  'O'.  The  launchers  were 
respectively,  a  .  22-callber  smooth  bore  powder  gun  or  a  20-mm  accelerated- 
reservoir  light-gas  gun  (ARLGG),  and  a  .  30-callber  ARLGG.  The  powder  gun 
was  used  when  velocities  below  10, 000  fps  were  required,  and  the  ARLGG, 
guns  were  used  for  velocitiea  «bove  10, 000  fps.  The  .  30-callber  ARLGG. 
however,  was  capable  of  launching  only  low  weight  projectiles  (m<  0.  3  gm) 
at  velocUies  in  excess  of  25, 000  fps;  consequently,  most  of  the  tests  were 
made  with  the  20-mm  ARLGG.  This  gun  and  the  associated  range  complex 
are  shown  schematically  in  Fig.  2.  Following  is  a  brief  description. 

2. 1. 1  20-mm  ARLG  Gun 

The  accelerated- reservoir  light-gas  g;un  was  selected  because  it  main¬ 
tains  a  pressure  at  the  base  of  the  model  during  the  launching  cyc<o. 

This  constant  base  pressure  produces  a  constant,  yet  moderate,  acceleration 
of  the  Model  th-oughout  its  travel  down  the  barrel.  Hence,  the  model  achieves 
a  high  muxale  \-  loclty  without  being  loaded  to  the  point  of  deformation  or 
failure.  This  tjrpe  of  gun,  then,  is  the  logical  choice  for  launching  fragile 
models  or  saboted  projectiles  of  high  mass  and  high  density. 

2. 1.  2  &irge-Tank/FHght-Range/Veloctty-Chamber  Complex 

This  complex  provides.  In  order: 

(1)  Tanks  that  coiiflne  the  muazle  blast  and  allow  the  high-pressure, 
high-temperature  driver  gas  to  expand  and  cool 

(2)  Tanks  that  contain  a  controlled  atmosphere  in  which  the  sabot 
separates  from  the  model.  The  downrange  end  of  the  flight  rr."»:e  is  the  subot 
trap  where  the  sabot  petals  are  stopped,  allowing  the  model  to  proceed  alone. 

(3)  Tanks  that  house  spark  shadowgraph  instrumentation  (Fig.  3a)  to 
establish  projectile  velocity,  orientation,  and  Littgiity  daring  each  firing. 

Two  successive  spark  shadowgraph  pictures  of  the  projectile,  taken  along 
its  trajectory  over  a  distance  of  eighteen  Inches  (Fig.  3b),  are  combined 
with  the  elapsed  times  obtained  from  chronographs  to  determine  velocities 
with  an  accuracy  of  ^  1  percent.  The  spark  shadowgraphs  also  show  the 
flight  jrientatlon  of  the  projectile,  record  whether  It  has  separated  properly 
from  Us  sabot,  and  establish  Its  trajectory. 
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Fir.  2  Schematic  of  Ballistic  Range  'C 


2. 1.  3  Impact  Chamber 

This  chamber  was  specially  constructed  to  house  the  large  target  sheets 
needed  to  study  spray  distributions  when  the  distance  between  shirld  Liid 
target  is  large.  The  impact  chamber  has  numerous  viewing  ports  to  accom¬ 
modate  the  instrumentation,  and  the  rear  wall  of  the  chamber  is  a  full-size 
door  to  allow  easy  installation  and  removal  of  the  targets.  The  targets  are 
held  by  a  mount  attached  to  the  floor  and  walls.  The  surge-tank/flight-range/ 
velocity-chamber/impact-chamber  assembly  is  vacuum-sealed  and  can  be 
evacuated  to  pressures  of  less  than  10~^torr,  equivalent  to  a  pressure- 
altitude  of  approximately  300,  OOC  ‘act 

The  impact  of  the  projectile  and  the  reaction  of  the  target  can  be  ob¬ 
served  by  both  the  0. 07- microsecond,  two-channel  flash  radiogranhy  system 
and  the  i.  4- millinn-frames-per- second  Beckman- Whitley  framing  camera. 
The  choice  of  Instinimentaiion  depends  upon  the  specific  observations  to  be 
made  of  a  given  shot.  The  impact  flash  is  monitored  by  both  photomultiplier 
(PM)  tubes  and  an  Indium-antimonide  (InSb)  Infrared  detector.  Ihe  PM  tubes 
axe  sensitive  to  the  following  waveleng^s:  (a)  1800A  to  S300A,  (b)  4500A 
to  10,  OOOA,  S9iOA  to  10,  OOOA.  The  Ini^  detector  is  sensitive  to  radi¬ 
ation  in  the  vegion  icom  1  to  5  microns.  These  detectors  are  calibrated  to 
measure  radiation  -n  watts  per  unit- solid-angle. 

Preliminary  fir;  tigs  were  carried  out  prior  to  the  data  rounds  to  develop 
sabot  designs  and  deflection  techniques  and  to  optimize  the  Internal  ballistics 
of  the  gun  operating  cycle.  These  firings  also  served  as  proof  rounds  for  the 
impact  chamber  instrumentation. 

2. 2  Experimental  Results 

2. 2. 1  Experimental  Piv;gram 

The  exqjierimental  program,  as  stated,  consisted  of  firing  specific  hvper- 
velocity  projectiles  into  a  typical  multisheet  target  assembly  under  spec  ific 
encounter  conditions.  This  target  assembly  is  shown  schematirally  in  Fig.  { 
which  also  details  the  experimental  variables. 


A  comprehensive  synopsis  of  the  raw  impact  data  obtained  during  the  in¬ 
vestigation  is  attached  to  this  report  as  Appendix  I.  Not  inclvded  in  the  appen¬ 
dix  is  reduced  data  from  a  complimentary  study  Involving  hypcrvelocity 
impacts  at  angles  of  incidence  ranging  from  2  to  15  degrees,  although  this 
additional  information  has  been  Included  to  extend  the  scope  of  the  dlscussiun 
of  the  experimental  results.  The  impact  flash  data  is  attached  as  Appendix  n. 
Table  1  i.ina  typical  physical  and  mechanical  properties  ot  the  projectile  and 
target  .naterials. 
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2.  3  Shield  Analysts 

Shield  damage  may  be  analyzed  in  many  ways,  and  the  resulting  data  may 
tak.>  many  forms.  (Ref.  4)  For  this  program,  howevt-r,  only  the  ^zross  damage 
lab  been  nonsldercd:  this  is  best  represented  by  the  perforation  urea  or  hole 
area.  Aj .  The  holes  discussed  in  this  report  are  those  through  which  t  col¬ 
limated  light  beam  normal  to  the  target  plane  can  be  projected  onto  photo¬ 
sensitive  -'.per. 


Typical  of  the  results  of  this  program  are  the  perforations  shown  in  Fig. 
5  to  demonstrate  the  effect  of  a  changing  angle  of  Incidence,  s  (all  other 
variables  constant).  It  can  seen  t^t  the  hole  or  perforation  area,  Aj , 
increases  slowly  from  its  norma.*  value  to  a  peak  at  an  angle  of  approxi¬ 
mately  35  degrees,  and  then  decreases  sharply  as  the  angle  of  Incidence  is 
further  decreased.  It  can  also  be  seen  that  the  hole  becomes  increasingly 
oval  as  a  is  decre  isod.  These  i'esults  are  shown  graphically  in  Fig.  6, 
where  Ai  has  been  nuu-dvmen8io.ulized  by  dividing  by  the  normal  projectile 
area  Aq  ,  where 

m 

Aq  ■  -;j—  (d  •  projectile  diameter) 


The  effect  of  <.018  shape  has  been  plotted  as  Djpjijor/  Dgjtn)|.,  where  Dmajrr 
li  thr  maxlm\'m  length  of  the  perforation  and  Dminor  maximum  width. 
Figu.  e  7  show:-;  the  result  of  tests  with  the  same  combination  of  materials 
|A1  •  Al),  but  V  ith  a  change  in  ts.^d  to  0. 4  (In  Fig.  6,  tg/d  «  0. 27);  tg  is  the 
shield  sheet  thickness.  It  can  be  seen  that  the  curve  here  is  similar  to  that 
of  Fig.  0,  but  it  peaks  at  45  degrees  rather  than  93  degrees.  Substantial 
perforations  were  still  evident  at  angles  as  low  an  10  degrees,  which  was  the 
final  test  angle  of  this  series.  Figures  8  and  9  demonstrate  the  effects  of  the 
Impacts  of  nickel  projectiles  against  stainless  sbiel  and  aluminum  shields, 
respectively.  Altnough  only  three  angulai  conditions  have  been  tested  in  ec.ch 
case,  it  is  felt  that  the  curves  are  representative.  Figure  8  is  similar  in 
shape  to  that  of  Halperson  (Ref.  5);  and  Fig.  9  8(.>emingly  provides  results 
s.uilar  to  those  of  Fig.  10,  which  involves  impacts  of  depleted  urantnum 
spheres  against  magnesium  shields  (from  Ref.  6^ 


The  experimental  results  of  Al-Al  Impacts  slown  in  P.gs.  6  and  7  are 
combined  in  Fig.  11  to  demonstrate  the  effect  of  niield  thickness  v;')nn  shield 
damage.  Here  it  can  be  seen  that,  in  the  region  Afl  <  ot^<  15,  the  damage  to 
the  thlJier  sheet  is  more  severe. 


To  consider  the  effect  of  projectile  velocity  or  the  extent  of  shield 
damage,  it  is  necessary  to  refer  again  to  the  physical  description  of  normal 
perforation  introduced  with  Fig.  1.  At  ealremely  low  velocities,  the  impact 
docb  not  generate  sufficient  pressure  to  initiate  the  formation  of  shock 
waves,  producing  only  elastic  or  shear  waves.  Consequently,  the  projectile 
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PROJECTILE  MATERUl  :  2017  ALUMIHUM 
DIAMETER:  0.  37S  IN. 
VELOaTY:  2S.  000  fpa 


SHIELD  BA4TERIAL:  20 1 4- T6  ALUMINUM 
t^/d  :  0. 27 


Fig.  6a  Area  of  Perforal'oQ 


Fig.  6b  Shape  d*  Perforation 


Fig.  6  Shield  Damage,  A1  •*  A1  (t^d  n  0.27,  v  •  25,000  fps) 
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PROJECnLE  MATERIAL:  2017  ALUMINUM 
ratAMETER:  0.25  IN. 
VELOCITY:  25, 500  fps 


SHIELO  MATERIAL  :  2011-TS  .ALUMINUM 
t^/d  :  0.40 


Fig.  7  a  Area  of  Perforation 


Fig.  7b  Shape  of  Perforation 

Fig.  7  Shield  Damage,  A1  -  Al  (t^d  ■  0. 40,  v  »  25, 000  fps) 
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PRaiECTILE  MATERIAL:  NICKEL  "ZOO" 
DIAMETER:  0.  107  IN. 
VELvX:iTY:  25/ "K)  Ip# 


SmELD  MATERIAL:  TYPE  302  STAINLESS  STEEL 
t^/d  :  0.  150 


Fig.  8a  >T«a  oi  PerforaHon 


Fig.  8b  Shape  of  Ferfcratluo 

Fig.  8  Slileld  Damage,  Nl  **8131111688  Steel  (t^/d  •  0.15,  v  ■  25,000  fps) 
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PR0JECT11.E  MATERUL:  DEPLETED  URANIUM 
DUMETER:  0. 143  IN. 

VELOCITY:  23. 3S0  tps 


3UISLD  MATERIAL:  AZ31B-H34  MAGNESIUM 
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Fi{'.  11  Sh’eld  Damage,  Effect  of  Variation  of  Sheet  Thickness, 

Coi  slant  Velocity 

suffers  little  damage  during  perforation.  For  a  thick  ductile  shield,  the  edge 
of  the  bole  is  thickened  due  to  the  plastic  flow.  (Ref.  7)  Brittlb  materials 
fall  by  punching;  that  Is,  a  disc  of  approximately  projectile  size  Is  sheared 
out  of  the  shield.  (Ref.  7)  Thin  sheets  (small  tg/d)  tend  to  fall  by  petalling. 
(Several  simplified  theories  for  these  various  modes  of  failure  are  reviewed 
in  Reference  8^ )  At  tr»''r-?ssed  velocity,  these  elastic  or  shear  waves  are 
replaced  by  shock  waves  that  result  In  hyperveiocity  impact  phenomena. 
Perforations  associated  with  fe  perveloclty  for  conditions  of  normal  Impact 
have  been  treated  extensively,  both  theoretically  and  experimentally.  In 
Refs.  9  and  10.  These  demonstrate  that  the  process  of  fracture  of  pro^.ctUe 
and  shield  c?.n  be  Interpreted  as  a  multiple- spalling  phenomenon  which 
starts  at  the  free  curfaces,  «•«!  iliat  the  hole  area  ratio  Increase  linearly 
with  velocity. 

A1  •«  Al  normal  Impacts  (Fig.  12)  generated  durli^g  the  course  of  this 
program  compare  favorably  with  those  predicted  by  Equation  (1)  from 
Ref.  10,  1.  e. , 


^1 

V 


■  {0.1S72  V  (-1 


2/3 
)  + 


(Ref.  10). 
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D  =  hole  diameter  in  shield 
d  ~  projectile  diaineler 
V  -  Impact  velocity,  kfps 

The  minor  differences,  especially  at  the  lower  velocities,  can  be  attril  -ted 
to  the  dissimilarity  in  materials  tested  (the  empirical  £  .>rmula  was  derived 
for  shields  of  2024-T3  aluminum)  and  the  dearth  of  data  points  to  determine 
the  eiqperimental  scatter,  especially  for  the  thinner  targets. 


Fig.  13  Shield  Damage,  Effect  of  Variation  of  Velocity,  Constant  t  /d 

s 

The  data  in  Fig.  13  presents  another  aspect  of  shield  damage  Tith 
respect  to  velocity  change.  Even  thou^  the  velocity  here  has  been  decrea^r^d 
from  25,  500  fps  (data  from  Fig.  7)  to  8200  fps,  the  characteristic  shape  oi 
the  Aj/Aq-o  curve  described  previously  is  unaltered  except  when  &  30? 

In  this  region  the  slope  of  the  curve  is  less  steep,  and  although  the  shield 
was  perforated  when  a  ^  20?  it  was  not  perforated  when  ji  «  10?  There  is, 
then,  a  shield  angle  that  causes  the  projectile  lo  ricochet  so  that  perforation 
does  not  occur.  It  is  interesting  to  note  the  correlation  between  the  observed 
angular  region  of  ricochet-perforation  and  that  predicted  by  considering  the 
equivalent  semi-infinite  target  penetration,  (P/d)synjl  oo*  of  the  projectile  at 
a  given  velocity,  then  applying  a  thin  sheet  conversion  factor  and  e<iu:Ulng 
this  result  ^'^/d)thin  target*  ^ffh  the  apparent  thickness  of  the  shield,  i  < 

(ty^  is  the  thickness  of  the  shield  measured  in  the  direction  of  the  projectile 
velocity  vector  (see  Fig.  14) ). 
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Fig.  14  Schematic  of  Shield  Geometry 


Although  ye .  iral  empirical  relationships  are  available  to  compute 
(F/d)gemi  03  •  ^3)  that  of  Herrmann  and  Jones  has  been  chosen 

because  of  its  lo«*veloclty  data  fit,  1.  e. , 


The  relationship  for  the  conversion  of  seml-lnflnite  target  peneti^tlons 
to  those  of  thin  sheets  Is  not  well  defined,  (Refs.  10  -  16)  appearing  to  be  a 
function  of  projectile  and  target  material  as  well  as  velocity.  Therclvire,  the 
following  relationships  were  chosen  as  being  representative; 


-10  (P/<l)„„,„  (i»a«l 

As  noted,  the  equating  of  target  *A  P«xluce  a  shield  angle 

below  which  ricochet  occurs  and  above  which  perforation  occurs.  This  shield 
angle  1'*  defined  as  o  j . 

The  results  of  this  equation  k.re  shown  In  Table  2. 
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Table  2 

BICOCHET-PERFORATION  CROSSOVER  REGION 


Note:  a.  Is  the  shield  angle  below  which  ricochet  occurs  and  above 
which  peroration  occurs. 


Figures  15  and  16  demonstrate  the  variation  of  perforation  area  with 
velocity  for  shield  angles  of  60  degrees  and  25  degrees  respectively.  For 
comparison,  these  graphs  are  replotted  to  show  variation  of  perforation  with 
respect  to  v(  ’''  it"  for  constant  t^/d;  see,  for  example.  Fig,  17a  (t -/d*0.  27) 
and  Fig.  l"b  (t^/d  *  0. 40).  Although  normal  impacts  show  an  esscnually 
linear  va-  latioil  w  ith  velocity,  this  does  not  seem  to  be  the  case  for  shield 
angles  ot>.er  than  uurmal.  TTie  perforation  area  increases  with  velocity,  but 
the  rate  of  increase  decreases  with  increasing  velocity.  This  rate  also 
seems  to  be  a  function  of  shield  angle  and  thickness.  It  is  interesting  to  note 
that  for  Al  -•  A1  Impacls,  the  following  variation  of  Equation  (1)  represents 
the  hole  minor  diameter  in  the  region  20°  <  a  £  90? 


-  0. 1572  V  sin  a  I  |  +  0. 90 

where  ■  t ^sin  a 

Although  the  perforations  are  elliptical,  the  hole  major  dlauiete.  !s  a  function 
of  velocity,  thickness,  and  angle;  hence  no  simple  adequate  expression  for 
actual  area  can  be  derived  without  making  gross  asauuiptlons.  This  expres¬ 
sion,  however.  Is  1)elieved  to  represent  a  minimum jperforation  area  and  to 
be  especially  representative  of  the  damage  when  60^<  a  s  90°,  for  it  is  in  his 

The  ''ropertles  of  projectile  and  target  materials  also  govern  hole  size. 

It  has  been  demonstrated  that,  all  else  constant,  a  decrease  in  the  shield 
strength  will  produce  a  larger  hole.  (Ref.  16)  Other  physical  property  varia¬ 
tions  have  produced  indeterminate  results  and  no  definite  correlatioi.s  are 
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available.  However,  the  changes  in  hole  area  resulting  from  the  dUferences 
In  physical  properties  appear  to  oe  insignificant  ccnipared  to  the  changes  in 
bote  area  resulting  from  different  angles  of  incidence. 

2. 4  Target  Sheet  Analysis 

The  effect  of  projectile  Impact  on  the  shield,  or  "outer  spacecraft  shel^ 
has  been  esqilored  extensively  on  the  preceding  pages.  The  subsequent  effects 
of  Impact  will  next  be  investigated.  In  ceitain  cases,  the  second  sheet  (target 
sheet)  in  the  analog  structure  is  the  maiu  hull  —  the  structural-load-carrying 
huU.  rhe  vulnerabUity  of  this  sheet,  then,  is  of  paramount  importance.  In 
review  (see  Fig.  4),  the  Urget  sheets  for  this  program  have  been  prinwrUy 
0. 100-in.  2014-T6  aluminum,  except  for  a  short  test  series  with  0.  028-ln. , 
T^e  302  sUtnless  steel  taraets.  The  spacing  between  the  target  sheet  and 
its  shield  has  been  varied  from  4  to  24  inches,  and  the  angle  of  incidence 
3  of  the  target  sheet  has  been  set  at  90,  60,  and  25  degrees. 

The  spray  patterns  obtained  from  a  typical  sequence  of  firings  using 
2017-aluminum  spheres  are  shown  in  Fig.  18.  The  spheres  aie  3/8  inch  in 
diameter,  the  spacing  between  the  shield  and  target  along  the  projectile 
flight  line  i»  r !  >c‘  es,  and  the  mean  projectile  velocity  is  25, 000  fps. 

A  revi  w  of  those  targets  indicates  that  an  appraisal  of  the  damage 
potential  o-  the  spray  is  so  complicated  tliat  a  qualitative  assessment  is 
required.  In  order  tc  understand  the  phenomenon,  it  is  therefore  neceswry 
to  consider  first  the  simplest  case,  i.  e. ,  normal  impact,  referring  both  to  the 
shield  ( o  »  90~ )  and  to  the  target  sheet  (3  =  90  )  behind  the  shield. 

The  phenomena  of  normal  hypervelocity  impact  has  been  summarized  in 
Section  I  and  many  authors  have  presented  theories  and  corroborating 
experimental  evidence  (Refs.  9  —  13).  Suffice  to  say,  then,  that  impact 
v^city,  more  than  any  other  factor,  wtU  affect  the  target  damage  restating 
from  any  proJectUe- shield  combination.  Typical  spray  patterns  obtain^  by 
varying  the  projectile  velocity  are  shown  in  Fig.  13.  These  experimentr;  a, 
different  velocities  illustrate  two  important  results. 

(1)  Increased  velocity  results  in  more  complete  fragmentation  of  both 
projectile  and  shield. 

X-rays  of  impact  show  that  at  low  velocities  the  projectile  suffer®  very 
little  damage  during  perforation  (see  Fig.  19),  and  that  oiJy  sparse,  large, 
irregular  fragments  emanate  from  the  shield.  At  25,  OOO  fps,  however,  the 
spray  particles  emitted  from  the  back  of  the  shield  are  so  minute  and  diverse 
that  they  are  difficult  to  distinguish  from  the  'lackground  of  the  radiograph. 
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PRaJECTILE  MATERIAL;  Z017  ALUMINUM  SHIEIJJ  MATERIAL:  20i«-  76  ALUMINUM 


Fig.  19  Typical  Target  Spray  Patterns— Effect  of  Variation  of  Velocity 


CONFIOrNTIAL 


(2)  Increased  velocity  results  in  a  greater  dispersal  of  both  projectile 
and  shield  fragments. 

This  result  can  also  be  seen  in  Fig.  19.  With  each  incrjasc  in  velocity 
(liilersheet  spacing  constant),  a  greater  target  sneet  area  is  affected.  This 
effect  of  velocity  on  projectile-shield  fragment  dispersal  is  also  shown 
graphically  (Fig.  20)  for  A1  -  A1  impacts  by  plotting  projectile-  and  spall- 
spray  semi-angles  for  two  combinations  of  projectile  and  shield.  The 
projectile- spray  semi-angle  y  is  defined  here  as 

.1  ^ 

where  Op  is  relevant  diameter  of  damage  on  the  target  sheet,  and  S  is  inter¬ 
sheet  spacing  between  shield  and  target,  measured  along  the  projectile  flight 
line.  The  spall-  spray  semi-angle  9  Is 

-1 

9  =  ton  jjT 

where  0.  is  relevant  damaged  diameter  centered  at  the  point  where  a  normal 
drawn  from  the  point  of  impact  on  the  shield  intersects  the  target,  and  N  i  i 
the  lengtit  ot  U.e  appropriate  perpendicular  (in  this  case  whereat  =/*=  90°  N  -  8). 
Figure ,  18  and  19,  however,  show  that  it  is  difficult  to  define  a  meaningful 
diam^'sr  of  da:  iage,  and  that  phyeical  limitations  preclude  the  inclusion  of 
all  spall  fragme'.ts.  As  a  result,  the  criterion  that  was  chosen  provided  that 
approximately  90  percent  of  the  spall  damage  to  the  target  should  fall  within 
the  chosco  cH'imeter.  A  typical  target  with  appropriate  measurements  is 
shown  Ui  Fig.  21. 

In  addition  to  demonstrating  that  fragment  dispersion  Increases  with  increas¬ 
ing  velocity.  Fig.  2C  sliows  effects  of  shef  t  thickness  (tg/d)  on  dispersion 
angles.  It  can  be  seen  that  at  high  velocities  the  spall-spray  from  the  thinr.er 
target  is  more  concentrated  about  the  flight  line,  and  the  maximum  dispersion 
angle  is  snoaller.  The  projectile-spray  angle  appears  to  be  iitdependent  of 
such  small  changes  in  tg/d. 

An  interesiuig  side  note  is  provided  by  Fig.  22,  in  which  uie  angles  y  and 
9  are  superim[}osed  on  a  radiograph  of  a  projectile- shield  combination  lOpcec 
after  impact. 

It  has  been  shown  that  the  spray  emitted  from  the  rear  of  the  shield  i. 
normal  incidence  is  symmetric  about  the  original  projectile  flight  line.  Under 
onditions  of  oblique  Impact,  however,  the  spray  distribution  is  deflected  from 
)he  flight  line  towards  the  normal  through  the  center  of  the  pcrtoratlon.  The 
spray  .sems  to  be  composed  of  two  pattenis: 
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PROJECTILE  MATERIAL;  2017  ALUMINUM  SHIELD  MATERUL:  2014-T6  ALUMINUM 


«  ^ 

VELOCITY 


Fig.  20a  tg/d  ■  0. 27 


Fig.  20b  tg/d  ■  0. 40 


Fig.  20  Spall  and  ProjectUe  Spray  Angle  Variation  with  Velocity  («  -  90°) 
30 
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TARGET  «  =  90“ 


SHIELD  AND  T.\RGET  SHEET  TARGET  SHEET  (SHIELD  REMOVED) 

LAYOUT  SIDE  VIEW  -  SCHEMATIC  FRONT  VIEW  -  ACTUAL 

(REF.  nc.  4)  (REF.  nG.19) 


Fig.  21  Analyais  of  l^all  and  Projectile  Spray  Anida* 

k'ROJECTILE  MATERUL:  2017  ALUMINUM  SHIELD  MATERIAL:  20I4-TS  ALUMINUM 

DIAMETER:  0. 375  IN.  t^/d  :  0. 27 

VELOCITY:  23. 500  fps 

0:25°  y  :  14°  (REF.  nG.20a) 


Fig.  22  Superposition  of  Spray  Angles  on  Typical  X-Ray 

of  Projectile-Shield  Impact  31 
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(1)  Fragments  distrlbuled  about  a  normal  through  the  shield  (probably 
resulting  from  shock  propagation  through  the  target,  c. ,  target  spall) 

(2)  Fragments  distributed  about  the  original  projectile  flight  line  /'Oi.'<- 
posed  mainly  of  projectile  fragments) 

The  radiographs  shown  in  Fig.  23  illustrate  this  point.  The  normal  configu¬ 
ration  is  the  same  one  noted  earlier.  In  this  case,  the  projectile  is  complete¬ 
ly  pulverized  and  spread  over  so  large  a  surface  that  it  is  difficult  to  distin¬ 
guish  between  damage  from  the  projectile  and  damage  from  spall  fragments. 

As  the  shield  incideni  angle  a  decreases,  however,  the  obliquity  or  incident 
angle  effect  becomes  more  appareni.  Thus,  at  a  -  =  60?  the  two  patterns  are 

easily  discernible  and  it  can  be  seen  that  the  spall- spray  angle  6  has 
decreased.  Ata  =  $  ^  25?  the  target  has  nearly  defeated  the  projectile  (note 
the  minor  damage  on  the  plane  of  the  projectile  flignt  line),  and  the  severe 
target  damage  has  been  caused  by  the  large,  irregular  pieces  of  spall 
ejected  normally  from  the  shield  surface.  These  observations  have  been 
plotted  as  y  •  o  and  6  -  «  for  two  comblnation.s  of  projectile  and  shield  (Figs. 
24  and  25).  In  both  cases  it  is  apparent  that  as  a  is  decreased,  the  target 
sheets  are  subjected  to  spall- spray  damage  long  after  the  hazard  from 
projectile- spri  j  ceased. 

Superir. posed  oi.  the  spall-spray  curves  are  the  lower  limit  predictions 
(9  *  0)  founo  in  Table  2.  These  predictions  seem  to  be  in  good  agreement  with 
the  trend  of  the  curves,  but  further  testing  will  be  required  to  obtain  a 
velocity-dependent  T*/P  for  2014-T6  aluminum  that  may  exceed  the  assumed 
value  of  2. 0.  (Note:  T*  ^  maximum  tiiickness  of  target  for  complete  pene¬ 
tration,  and  P  =  crater  depth  of  semi-infinite  target. ) 

The  lower  limit  of  the  projectile-spray  curve  (y  =  0)  can  be  predicted  by 
the  expression, 


■  d  ypp/^  where  «* 


(Ref.  !■»' 


T;  8  simple  variation  of  the  proven  expression  of  primary  penetration  deptii 
(Ref.  15)  defines  an  angle  n*  below  which  there  will  be  no  damage  from  in¬ 
line  spray  particles,  i.  e. ,  no  target  damage  in  the  direction  of  the  pro¬ 
jectile  flight  line.  Typical  values  of  a*  are  shown  in  Table  3. 
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PROJECTILE  MATERIAL:  2017  ALUMINUM  SHIELD  TARGET  MATERUL:  20H  T6  ALL'Mr.L'M 
DIAMETER;  0. 375  IN.  t^/J  :  C.  2T 

VELOCITY:  25.000  fv, .  SPACING:  12  INCHES 
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Fig.  23  Typical  Target  Patterns  -  Effect  of  Variation  of  Shield  Angle 
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PROJECTILE  MATERIAL:  2017  ALUMIN'L'M  SHIELD  MATERIAl.;  2014-T6  ALUMINUM 

UAMETER:  0. 375  IN  t  /d  :  0. 27 

VELOaTV;  25000  (ps  • 


(NORMAL)  a  ■  ANGLE  OF  INCTDENCE 


Fig.  24r  Spall-Spray  Semi- Angle 


Fig.  24b  Projectile-Spray  Semi-Angle 

Fig.  24  Spall  and  Projectile  Spray  Angle  Variation  with 

34  Slileld  Angle  -  A1  -  A1  (t  /d  -  0. 27) 
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SPALL-SPRAY  SEta-ANGLL' 
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PROJECTILE  MATERIAL:  2017  ALUMINUM  SKIELO  MATERIAL:  2014-T6  ALUMINUM 
DIAMETER:  0. 25  IN  t  .'d  ;  0. 40 

VELOOTY:  25,  500  fpa 


Fig.  25a  Spall-Spray  Semi-Angle 


Fig.  25b  Projectile-Spray  Semi-Angle 

Fig.  25  Spall  and  Projectile  Spray  Angle  Variation 

with  Shield  Angle  -  A1  -  A1  (t^/d  •  0. 40)  35 
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Table  3 

LTiylliTNG  SHIELD  ANGLE  TO  PREVENT  PROJECTILE  SPRAY  DAMAGE 


iFTtDMHSBH 

IdR 

t,/d 

Q* 

Experimental 

Predicted 

mm 

2.70 

16"  (Fig.  24) 

15.5° 

2.  70 

24°  (Fig.  25) 

23.6° 

19.1 

1.  77 

i2°<a<  15^®^ 

12.3° 

8. 90 

2.70 

- 

17.2° 

8. 90 

8.  1 

0. 15 

- 

8.  2° 

The  lack  of  data  precludes  experimental  predictions  of  o-  and  a  for  Impacts 
of  Nl  •  A1  and  Nl  -  ctainlesp  steel;  although  no  data  has  been  plotted,  selected 
points  are  included  in  Appendix  1. 

Figure  26  illustrates  the  variatton  with  velocity  of  spall- spray  and 
projectUc-  spray  an  'les  when  a  =o60r  The  curve  trends  shown  heie  are  simi¬ 
lar  to  thot.}  of  Fig.  20  for  a  =  00;  hence,  the  conclusions  are  the  same. 
Insufficient  data  prc'  ents  comment  on  velocity  variation  when  o  »  25“ 

2.  5  Total  Target  Vulnerability 

The  purpose  of  these  tests  is  to  define  the  vulnerability  of  the  total 
structure,  or  system,  under  set  conditions  of  projectile  impact.  There  is, 
therefore,  an  interest  in  total  penetration,  because  penetration  is  Indicative 
of  (1)  the  ability  of  a  shield  to  fragment  the  projectile,  to  spread  these  frag¬ 
ments  and  reduce  their  velocities,  and  (2)  the  ability  of  the  target  sheet  to 
resist  these  fragments. 

Material  considerations  aside,  total  penetration  is  primarily  a  function 
of  sheet  thickness,  projectile  velocity,  and  intersheet  spacing.  (For  this 
report,  only  total  penetrations  when  a  •  P  -  90°  have  been  plotted.  Tari,  ?t 
damage  is  shown  both  plctorlally  (Fig.  27)  and  graphically  (Fig.  28). )  When 
intersheet  spacing  is  small,  target  failure  takes  the  form  of  perforation  by 
projectile  and  spall  fragments,  and  petalling  from  the  high  impulse  loads. 

As  the  spacing  is  increased,  neither  perforation  nor  petalling  occurs.  Note 
that  at  larger  spacings  the  Urget  sheet  is  vulnerable  to  the  projectile  of 
greater  mass,  e.  g. ,  when  t^d  =«  0.  27  and  t  =•  0.  ICO  In.  (F'g.  27). 
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PROJECTILE  MATERIAL;  2017  ALUMINUM  SmELT  I’ATERUL :  20I4.T6  \LUMIh 
U 


Fig.  26a  t^d-0.27 


Fig.  26b  t^d  ■  0. 40 

Fig.  26  Spall  and  Projectile  ^ray  Angle  Variation  wttn  Velocity  (ob  60°) 
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Typical  Ta.  zet  Patterns  —  Effect  nf  Variation  of  Iiitersheet  Spacing 
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To  present  an  overall  picture  of  the  vulnerability  of  the  aluminum  analog 
structurt^s,  a  ballistic  limit  ^proach  has  been  chojcn:  either  perforation  or 
no  perforation  of  the  target  sheet.  %>acings  of  both  12  and  24  inches  have 
been  considered,  along  with  the  surmised  cause  of  damage  -  either  -'ojectile 
fragments  or  spall.  This  data  is  presented  in  Figs.  Ad  and  30,  which  show 
that  as  the  shield  and  target  impact  angles  are  varied,  target  sheet  failure 
results  from  different  mechanisms.  However,  it  can  be  seen  that  the  result¬ 
ant  damage  of  any  configuration  is  governed  primarily  by  the  shield  angle  a  . 
Since  the  results  for  all  four  cases  arc  similar,  discu.ssiun  is  limited  to  the 
case  where  tg  >  0. 27  and  intersheet  spacing  =  12  inches.  Under  conditions  of 
normal  impact,  no  perforations  from  either  projectile  fragments  or  spall 
occurred,  although  the  target  sheet  from  the  a =^=00*^  impact  appeared  in 
danger  of  rupture  from  projectile-fragment  and  spall-fragment  momentum 
loading.  When  o  «  60,°  no  perforations  resulted  from  spall,  although  the  pro¬ 
jectile  fragments  perforated  when  fi  =  60°  and  00.°  It  is  felt  that  the  extreme 
obliquity  of  the  target  sheet  when  $  =  25°  defeated  these  fragments.  When 
a  ^  2S,°  the  major  damage  to  the  target  sheets  resulted  from  the  irregular 
.rpall  fragments  ejected  from  the  shield;  these  perforated  the  target  sheet 
under  all  conditions.  Again,  when  fi  -  25,°  the  angle  of  obliquity  of  the  target 
sheet  was  sufficient  to  defeat  the  projectile  fragments. 

With  tl<  j  0.  3-gm  2017  aluminum  projectiles  and  the  0. 106-inch  2014-T6 
aluminum  shield  and  target  as  references,  two  series  of  tests  involving 
nickel  spi.  itea  of  cq  Jivalent  mass  and  Type  302  stainless  steel  shields  and 
targets  of  equivalent  strength  were  conducted.  Typical  results  are  shown 
pictorially  In  Fig.  31  and  numerically  in  Appendix  I.  It  can  be  seen  that  in 
all  cases  the  nickel  projectiles  are  more  lethal  than  the  aluminum.  A  review 
of  the  witness  sheet  penetrations  indicates  that  the  stainless  steel  analog 
structure  is  generally  less  vulnerable  than  the  aluminum  when  impacted  by 
nickel  projectiles.  However,  a  larger  sample  of  materials  should  be  tested 
before  any  conclusions  are  drawn  regarding  prcjectile  and  shield-target 
physical  properties. 

2. 6  Impact  Flash  Phenomenon 

An  Inveseigation  of  the  phen'^menon  of  impact  flash  was  made  along  with 
the  hypervelocity  impact  study.  This  investigation  was  to  qualitatively 
determine  the  pertinent  variables  affecting  impact  flaah  with  the  ultimate 
goal  of  using  the  information  to  assess  the  impact  flash  phenomenon  as  a 
spatial  hit  detector  or  target  discriminator.  Although  open-shutter  and  hlgh- 
qpeed  framing  cameras  have  provided  results  concerning  total  radiant  energy 
and  flash  duration  (Fig.  32),  more  precise  empirical  data  will  be  required 
for  the  above  application.  I^rsuant  to  this,  a  series  of  photomultiplier 
detectors,  sensitive  to  visible  and  near-visible  radiation,  were  chosen  for  a 
parameu  tc  investigation.  (See  Section  2. 1  for  instrumentation  details. ) 

During  this  study,  only  the  p«ak  luminosity  Ip  displayed  on  the  typical 
oscilloscope  trace  (Fig.  32)  has  been  correlated  (L  is  defined  as  the  maximum 
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Fig.  31  Typical  Target  Patterns  -  Effect  of  Varied  Projectile  and  Target  AssenAly  Materials 
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Fig.  32b  Typical  Open-Shutter  Camera  Photograph  of  Impact  Flash 


•TMI 


Fig.  32c  Typical  OscUloacope  Trace  Showing  Intensity-Time  History  of 
Impact  Flash 
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recurded  luminosity  occurring  within  the  first  few  microseconds  after  con¬ 
tact  of  the  projectile  with  thr  shield  and  before  any  possible  interference 
effects  from  spall  splatter  on  the  target  sheet  or  on  the  walls  of  the  impact 
chamber). 

Again,  since  one  of  the  projected  uses  of  the  impact  flash  phenomenon  is 
that  ut'  a  spatial  hit  detector  or  target  discriminator,  obviously  the  existence 
of  Impact  flash  under  environmental  conditions  of  reduced  gas  pressure  must 
be  proved.  To  this  end,  experiments  involving  A1  *•  A1  impacts  were  con¬ 
ducted  in  reduced  atmospheres  of  air  and  helium  (the  helium  simulates  an 
inert  atmosphere).  It  can  be  seen  in  Fig.  33,  for  V-constant,  that  the  peak 
luminosity  is  essentially  invariant  in  an  inert  atmosphere  and  also  that  only 
above  1  torr  (mm  of  Hg)  is  the  surrounding  air  observed  to  have  any  signif¬ 
icant  effect. 

To  determine  the  relationship  of  the  impact  flash  to  the  many  possible 
projectile  parameters,  experiments  were  conducted  in  which  size  and 
velocity  of  the  projectile  varied.  Projectile  and  target  materials  were  limited 
to  those  discussed  earlier  —  2017  A1  for  the  projectile  and  2014-T6  A1  for  the 
target.  Three  independent  tubes  monitored  tests  with  projectiles  0. 125  inch 
in  diameter  to  determine  any  dependence  of  fre<tuency  response  to  velocity. 
(See  Fig.  .i4. }  1  lotted  log-log,  the  peak  luminosity  is  shown  to  vary  as  the 
fourth  p  iwer  of  velocity,  a  relationship  independent  of  the  monitored  fre¬ 
quency*  M/hen  d..*’a  obtained  from  larger  projectiles  (0.  25  inch  and  0.  375 
Inch)  was  comparjd  to  that  from  the  0. 125-inch  projectile  impacts,  the  im¬ 
pact  flash  intensity  was  found  to  be  a  direct  function  of  the  area  presented 
by  the  prcJectUe. 

These  experimental  results  confirmed  that  the  following  empirical  re¬ 
lationship,  generated  from  tests  on  semi-infinite  targets,  can  be  applied  to 
thin  sheet  Impacts  uiider  conditions  of  normal  impact. 

*np  “  (Ref.  17) 

■  peak  luminosity  (see  definition),  normal  Impact 
A  «  cross-sectional  area  of  projectile 
T  >  projectile  velocity,  fps 
n  ■  velocity  exponent 
C  -a  constant 

Within  the  scope  of  the  e^q^eriments  conducted,  measured  values  for  the 
coefficient  C  are  listed  in  Table  3  for  A1-»A1  impacts. 
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Table  3 

I  *CAv“ 
np 


VALUES  OF  TERMS  FOR  A1  ♦At  IMPACTS 


Note:  units  of  C  •>  watts  per  steradian/ft^  (fps)" 


To  appraise  the  effect  of  target  incidence  on  peak  lurninosity,  two  series 
of  tests  were  fired  -  one  with  semi'infinite  targets,  and  the  other  with  thin 
targets  (Fig.  35).  Within  the  limits  of  the  data  scatter,  no  differentiation  can 
be  made  b^  the  two  sets  of  results.  Furthermore,  although  data  trends 
are  indicated  a*  =  *',000  fps,  there  seems  to  be  little  variation  in  the  peak 
luminosity  (li  ss  than  one  order  of  magnitude)  over  the  range  of  tested 
incident  ins  es.  Oat.';  from  impacts  at  v  s  25,000  fps  confirms  the  velocity- 
power  relai;unship  ov  >r  the  range  of  tested  incident  angles. 
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raOJECTILE  MATERIAL;  2017  ALUMINUM  SHIELD  MAl'ERIAL;  20U-TA  ALUMINUM 
DIAMETER:  0. 125  IN. 

P:  lOT  HELIUM 


0  m  angle  of  incidence 


Fig.  3Sa  Semi'Inflnite  Targets 


Fig.  85b  Thin  Targets  -  t^/d  ■  0. 40 


Fig.  35  Reduced  Data  -  Variation  of  Peak  Luminosity  with  Shield  Angle 
(Seml-Lnfinlte  and  Thin  Targets) 


CONFIDENTIAL 


T 


CONFIDENTIAL 


SECTION  m 
SUMMARY 


In  summary,  the  data  has  covered  a  range  of  Hcldent  angles  from  2  to 
90  degrees  with  various  projectile-target  combinations.  Impact  velocities 
have  ranged  from  8,000  to  25,600  fps,  and  shleld-to-target  spacings  have 
varied  from  4  to  24  inches.  Although  these  esqperimental  results  are 
specific,  they  indicate  more  general  behavior  trends;  thus,  the  following 
observations  may  be  made: 

(1)  For  all  projectile-shield  material  combinations,  there  is  a  shield 
angle  below  which  ricochet  occurs  and  above  which  perforation 
occurs.  This  angle  is  a  function  of  projectile  and  shield  material, 
projectile  velocity,  shield  thickness,  and  impact  angle.  For 

A1  Al  impacts  when  v  ■  25, 000  fps,  this  angle  is  less  than  10 
degrees.  For  Ur  Mg  impacts  when  v  »  2 j,  000  fps  and  t  /d  > 

0. 70,  it  is  less  than  2  degrees.  * 

(2)  At  constant  hypervelocity,  the  ratio  of  shield  perforation  area  to 
projectile  presented  area  (A^/A^increases  slowly  from  its  value 
ai  ixt  I  IP  (normal)  to  maximum  m  the  region  a  <  60^  then 
recreates  shai'ply  as  ot  ->  0?  The  magnitude  ai\d  angxilar  locatim 

of  this  "laximum  is  a  function  of  the  projectile  and  shield  materials, 
projectiit  velocity,  and  shield  thickness.  For  any  projectile -shield 
coihbinatlon,  greater  damage  is  sustained  by  the  thicker  shield 
(velocity  constant). 

(3)  For  normal  impacts,  the  perforation  area  ratio  (A./A^  increases 
with  S4)proximately  the  first  power  of  the  impact  vmocity.  However, 
for  shield  incident  angles  other  than  normal,  although  the  perfora¬ 
tion  ratio  tA,/  Aq)  increeses  with  v Jocily,  the  rate  of  Increase 
decreases  with  Increasing  velocity. 

(4)  Increased  velocity  results  in  more  complete  fragmentation  of  both 
projectile  and  shield,  and  in  a  greater  dispersal  of  these  fr^i^ments. 
Fragment  dispersal  increases  with  an  Increase  in  shield  thickner’i. 

(5)  Although  spray  angles  are  very  difficult  to  define  accurately, 
certain  conclusions  regarding  their  general  behavior  can  be  ;n)>de. 

The  projectile  spray  angle  y  approaches  zero  degrees  at  some  Impact 
angle  a*  where  a* >  (velocity  constant).  This  ungle  (a* )  noay  be 
predicted  empirically  using  the  shaped-charge  primary  penetratic 
formula.  The  spall-spray  angle  8  also  decreases  with  decreased 
angle  of  incidence  (velocity  constant).  Its  lower  limit  may  be  pre¬ 
dicted  when  it  is  considered  that  perforatiori  ceases  to  occur  when 
9=0. 
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(6)  Total  penetration  of  target  structure  has  been  shown  to  be  a  function 
of 

(a)  projectile  and  target  materials 

(b)  projectile  velocity 
ic)  intersheet  spacing 

(4)  shield  and  target  sheet  angles  of  incidence 

Of  all  the  variables  considered,  shield  and  target  angle  are  the 
most  critical,  since  rarely  will  a  conical  or  cylindrical  space¬ 
craft  be  struck  normally.  It  has  been  shown  that  damage  to  any 
target  structure  is  primarily  governed  by  the  shield  angle,  a. 

To  illustrate:  with  v  «=  25,000  fps  and  s  =  12  inches,  no  target 
sheet  perforaticii  was  noted  with  the  shield  normaVtn  the  projectile 
attack.  When  the  shield  angle  was  set  at  25  degree* ,  however,  the 
target  sheet  was  perforated  in  all  cases,  regardless  of  orientation. 

(7)  The  investigation  of  the  phenomenon  of  impact  flash  may  be  sum¬ 
marized  as  follows: 

(a)  Peak  luminosity  is  independent  of  pressure  in  an  inert  atmos¬ 
phere,  and  only  above  1  torr  is  the  surrounding  air  observed 
to  have  any  si^flcant  effect. 

(b)  With  normal  impact,  peak  luminosity  Is  a  direct  function  of 
ihe  pi  ojectile  presented  area. 

(r;  Peak  ’aminosity  (within  the  scope  of  the  experimcnt)<s 
liidep^i  dent  of  target  sheet  thickness.  It  should  be  noted 
that  no  tests  have  been  performed  using  extremely  thin 
foils  as  targets. 

(d)  Peak  luminosity  has  a  power  relationship  with  velocity. 

For  Al  ♦Al  Impacts,  Ip*v.  ^ 

(e)  Peak  luminosity  does  not  change  significantly  with  changes 
of  projertllft  impact  angle. 

(f)  Peak  luminosity  is  independent  of  \iewing  angle. 
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APPENDIX  I 


DATA 

HYPERVELOqTY  IMPACT  DAMAGE 

The  following  tables  present  the  raw  data  gathered  under  the  e:qperlinental 
portion  of  the  program.  The  units  are  as  follows: 

(1)  All  length  measurements:  inches 

(2)  Velocity:  feet-per-second 

(3)  Weight:  grams 

(4)  Area;  square  inches 

The  errors  on  the  data  are  t.s  follows: 

(1)  Projectile  weight:  db  .  005  gram 

(2)  Projectile  diameter:  *  .  0005  inch 

(3)  Projectile  velocity:  £  1% 

(4)  Sheet  thickness:  *  .001  inch 

(5)  Sheet  spacing:  ±  .  125  inch 

(6)  All  hole  and  crater  diamcnsions:  .  001  inch 

The  measurements  D  and  D  (in  inches)  are  defined  in  the  text, 
p  s 
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APPENDIX  n 
DATA 

IMPACT  FLASH  PHENOMENON 


Tbe  following  tables  present  the  raw  data  gathered  under  the  experimental 
portion  of  the  program.  The  units  are  as  follows; 


(1)  Pressure:  torr  (mm  of  Hg) 

(2)  OD:  inches 

(3)  Impact  velocity:  feet -per- second 


(4) 

(5) 


peak 


watts  per  steradian 
microseconds 


Instrumentation  identification  is  as  follows: 


Chan...  .i  Instrument  Range 


Viewing  Angie 


1 

Ip  to  S.  5p 

Normal  to  flight  line 

a 

Ip  to  5.  5p 

Flight  line  (parallel) 

3 

0. 594p  to  Ip 

Normal  to  flight  line 

4 

0.  594p  to  Ip 

Flight  line  (parallel) 

4A 

0. 4Sp  to  ip 

Flight  line  (parallel) 

S 

0. 18p  to  3.  5f  p 

Flight  line  (parallel) 

Numbers  in  parentheses  (e.  g. ,  (lOX) ),  refer  to  neutral  density  filter  factors. 
An  "8"  after  I  results  indicates  that  the  cha.nnel  was  saturated  and  hence  data 
is  doubtful.  ^ 
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(Hr.  Ko*ther) 

1  WMIS  SYS  EVAL  GP 

2  DASA  (Doc  Lib  B?) 

1  HQ  USAF  (AFORO-OT) 

1  HQ  L'SAF  (AFRSTE) 

1  HQ  USAF  (AFP5TB) 

i  HQ  USAF  (AFCIN) 

1  HQ  USAF  (AFRDPll 
1  HQ  USAF  (AFOCE) 

1  AFSC  (SCTR) 

1  A  -SC  (HSFA) 

1  AFSC  (SCSA) 

1  ASO  (ASJ) 

1  AFAL  (AVH) 

1  AFHL  (KAA) 

1  AFHL  (MAY) 

2  AFFDL  (FCrrs) 

1  HD  (TOFA) 

I  FTD  (TDCE) 

1  fTD 

1  no  (TOE',  u) 

1  no  (T  -A) 

1  FTD  (VJEWA) 

1  SEG 

1  SEG  (SETGF) 

1  SEG  (SECC) 

X  src  (SED<.'J 

i  SEC  (SEVP?) 

1  KTD  (RTHW) 

2  RTF  (T«ch  Lib) 

2  SSD  (SSTAS/Capt  H  s’-ff  r<*) 

1  SSD  (CSTDS) 

2  SSD  (SSTFT) 

2  BSD  (BSVDA) 

1  DSD  (BSVDA/Capt  Baker) 

1  ESD  (ESAT) 

X  AFCRL  (CrXL) 

X  RADC  (RAALD) 

X  AEDC  (AETV/MaJ  Brown) 

2  AEDC  (Tech  Lib) 

2  AFWL  (HLt) 

1  AIVL  (VLPPT/Capt  GUlespIa) 

X  AFWL  (WLAX) 

X  AFWL  (WLFPD) 

X  AFKTC  (KTBAT) 

X  AFnC  (FTOOT) 

X  SAC  ("A) 


X  AU  (AU:.  F75U> 

X  HASA 

X  NASA/LEWIS  REECH  CTR 
2  NAS  A /APES  PESCH  CTR 

X  HASA/LAHr-LSY  PESCH  CTR 
X  HASA/KARSHALL  SPACE  FLIGHT  CTR 
X  US  ATOMIC  ENERGY  COMM 
X  DEPT  OF  THE  INTEPTOR 

2  OFFICE  OF  NAVAL  TllSCf! 

X  US  NAVAL  ORD  LAB  (Lib) 

X  US  NAVAL  WPNS  EVAL  FACILITY 

1  US  NAVAl  WPNS  LAB  (Lib) 

3  NAVAL  RESCH  LAB  (Code  6240) 

2  HA”AL  PSCH  LAD  (Tech  Lib) 

X  US  NAVAL  ORD  LAB 

2  NAVAL  ORDNANCE  TEST  STN 
1  MARTIN-MARIETTA  COPP 
(Mr.  W.  R,  Porter) 

X  flORTROKICS  DIV  OF  NORTHROP  CORP 
(Hr.  B.  Karin) 

1  KAYTHEOI!  CO. 

(Mai  Syt  Dlv,  H.  Hurd) 

X  GCKEPAL  ELECI  KIC  CO. 

'Mr.  G.  Ashley) 

1  R-jC!;  ihST  -  ILLINOIS  illST  OF  TECH 

2  BATTELIE  MEMORIAL  INSTITUTE 

3  AiMUSPAa  CORP 

(Hr.  D.  Singer) 

1  SHOCK  HYDRODYNAMICS  INC 
(Hr.  R.  J.  Bjork) 

X  GENERAL  DYNAMICS  CORP 

(Mr.  M.  Halah) 

1  PHYSICS  INTERNATIONAL 

v**r.  J.  HarXan) 

^  GENERAL  DYNAMICS  CORP 

2  SCIENTIFIC  (  TECH  INFO  FAC 

(NASA  Rep  (SAK/UL'i 
2  LOCKHEED  AIPCRAFr  r-'M' 

2  AEROSPACE  CCFF  I  "  i 

2  AEROSPACT  rop-  >  »  ) 

2  AEF.nSPA'^  ”•  •  '  -  ’ 

X  AEROSPA''!  •  •  I  .  f-  ' 

2  US  ARW  IN'  !  '  1  * 

2  USA  Mf  t.  CONP  i  l«-'  M  i  >!•) 

X.  ARMY  MA"';.'  IT  1.  C>:P''A'U' 

X  Aoyv  w!:apoi.’S  command 

(at'SWE-PDU) 

X  FIELD  command  DASA  (FCDP) 

2  PICATINNY  ARSENAL  (Tech  Lib) 
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Uyparveloclty  projectll#* 
Impact  flash 
Impact  shock 
HypervelocJty  guns 
fragmentation 
Kill  probabilitiea 
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.  O  tfOIM^TINO  ACTlWl^y  fC«<|MMa  MiJlMri  |la.  M^OUT  tCCuniTV  e  UAddllviCAriOM 

Qeraral  Motors  Corporation,  dt  Ssfans*  Rasaardi 
LjywratorlM,  Santa  Barbara,  Celifomla 


1.  mrofiT  TiTLi 

HYPERVELOCITY  IMPACT  nCPERDOMTS 


4.  OCtCHimvC  HOTC*  r»p»  •»  iwm  mi  MMIm  dUM> 
Final  lachnical  Raport  —  July  196b 


|.  AUTMOanj  ilMl  mmu.  amtmttm,  lm4tltO 

Kamiea,  R.  L. 

Gahring,  J.  V)\ 
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•  a.  AIIIAmATAA^  ABA^MT  MUMABNfi> 

SBl-filt-OblT-S 
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•  A.  rAATMtofAMAato  AM  Mr  to  AMd^bcB 

ATi<-TlU61t-a5 

14.  AVAmAa^UTT/LlMtTATIOM  MOtlCCA 

Qualifltd  rttquMt«r«  aay  obtain  eoplaa 

i^toB  DDC. 

n.  £NTAfty  ncfti 

ft.  troMtoaiM  muTAnv  activitv 

Dat  b,  Raaeardi  and  Technology  Division 
EgUn  Air  Force  Base,  Florida 

,U)  thla  iiual  raport  daacxiboa  the  axperlaental  results  of  a  progras  conducted 
laid*-.  CiRitract  AP  08(655)-^®,  "Kyperveloclty  lapact  EXpexiaenta,"  to  Investigate 
the  vulnerability  of  sulttple  aheet  thin  target  assMblles  to  hypervelocity  pro¬ 
jectiles  lapactlnv  irt  both  noraaLl  and  oblique  engine.  This  study  of  panetration, 
parforstlon  and  spalling  sea  conCuctiid  using  an  accelerated' xeservctr  light- {aa 
gun  to  launch  projectiles  to  veiocltlaa  ranging  fros  5000  f^  to  25,500  fpe. 
Projectile  Incident  angl«<-  ranged  frcai  90  degrees  (noxsal)  to  10  de^os.  Target 
dasage  saa  evaluated  In  texas  of  hold  area,  depty  of  panetration  and  effected  area, 
Danaga  sea  eocxslated  stth  lapact  velocity,  lapact  angle,  projectile  varlablaa, 
and  te-'get  varl  vblea. 
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